PilA is the putative DNA-binding component of a two-component system that regulates transcription of the pilin expression locus (pilE) of Neisseria gonorrhoeae. Here we report the purification of the PilA protein and characterization of its DNA-binding activity. PilA was overproduced in Escherichia coli with an isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible expression vector. Cell extracts were prepared by sonication and fractionated by anion-exchange chromotography, followed by dye affinity chromatography with Cibacron Blue. Proteins were eluted by using a gradient of KCl, and PilA-containing fractions were identified by immunoblot analysis with a polyclonal anti-PilA antiserum. Purified PilA was judged to be >90% pure, as determined by Coomassie blue staining and sodium dodecyl sulfate-polyacrylamide gel electrophoresis. PilA purified in this manner was used to develop a gel retardation assay with a 301-bp fragment containing the pilE promoter (P pilE ) and upstream sequences as a probe. A fragment of similar size containing the E. coli aroH promoter was used as a negative control. Competition experiments using a 100-to 1,000-fold excess of unlabelled DNA fragments confirmed the specificity of PilA binding to the pilE promoter. To localize the PilA binding site within the 301-bp P pilE fragment, stepwise deletions were generated by PCR and the fragments were examined in the gel shift assay. The results of these experiments show that there are two regions upstream of P pilE that are required for binding by PilA. Taken together, these data indicate that while PilA binds specifically to the upstream region of the pilE gene, this interaction is complex and likely involves multiple regions of this DNA sequence.
Neisseria gonorrhoeae is a major sexually transmitted pathogen that infects only humans. The gram-negative diplococcus normally infects cells of the urogenital tract, although it can also infect other human tissues such as the conjunctiva and pharynx. Experimental infection of Fallopian tube organ cultures shows that the bacteria attach to nonciliated epithelial cells of the mucosa, invade these cells, and transcytose to the subepithelial matrix (21) . Attachment of the bacteria to epithelial cells occurs via adhesins including pili and the opacity protein (Opa or PII; 17, 44) . Pili are considered a major virulence factor, because only piliated variants produce infection in healthy volunteers (14, 45) .
The gonococcal chromosome harbors numerous variant pil genes that participate in phase and antigenic variation of these proteins. In vitro, pilin antigenic variation can occur via DNA transformation and recombination or gene conversion involving silent pil loci (pilS) and the pilin expression site (pilE) (7, 36) . Phase variation can also occur by this mechanism, i.e., if a recombination event results in an internal frameshift, P ϩ (piliated)-to-P Ϫ (nonpiliated) and P Ϫ -to-P ϩ transitions can occur (1a) . Recombination can also result in deletion of all or part of the transcriptional or translational signals, resulting in the loss of piliation. An additional mechanism for phase variation is regulation of pilE transcription by a two-component regulatory system encoded by the pilA and pilB genes (48) .
Phase and antigenic variation of gonococcal cell surface components likely plays a role in evasion of the host immune system as well as in adaptation to different environments within the host. While the gonococcus initially infects mucosal surfaces, it encounters different microenvironments as it traverses the epithelial cell layer to reach the subepithelial space. To respond to these and other changes, compete effectively with the normal flora, and survive host defense systems, the bacteria must regulate the production of many cellular components. For example, piliation and virulence of the gonococcus (in a guinea pig subcutaneous chamber model) have been shown to vary with culture conditions, although the mechanism by which this occurs is not known (13) .
Numerous pathogenic bacteria have been shown to modulate expression of virulence genes in response to conditions, such as temperature, osmolarity, pH, and concentrations of substances such as calcium, iron, magnesium, nicotinic acid, and phosphate (24) . This complex control is often mediated by regulatory systems that activate and/or repress the expression of a battery of virulence genes that compose a regulon. For example, the bvg, phoP phoQ, and virA virG loci regulate the expression of several virulence genes in Bordetella pertussis (35, 42) , Salmonella typhimurium (3, 26) , and Agrobacterium tumefaciens (41) , respectively.
Many bacteria employ a system of two-protein components to regulate the expression of genes in response to environmental changes (30) . These systems consist of a sensor component, often found in the cytoplasmic membrane, and a responseregulator, which is usually cytoplasmic. Communication between the two components occurs by the transfer of a phosphoryl group from ATP to a histidine residue on the sensor, followed by transfer to an aspartic acid residue on the response-regulator (43) . The pilA and pilB genes of N. gonorrhoeae, which regulate the expression of pilE, have homology to these response regulator-histidine protein kinase systems (46) . PilA has homology to the response-regulator component, and PilB has homology to the sensor/histidine kinase component. In Escherichia coli, PilA alone activates a pilE-CAT (chloramphenicol acetyltransferase) transcriptional fusion, while PilA and PilB together repress this fusion (48) .
Several lines of evidence suggest that PilA regulates genes in addition to pilE in the gonococcus. Taha et al. (46) constructed a set of strains with mini-TnCm (mTnCm) insertions in the pilA and pilB genes on the gonococcal chromosome. All of the pilA::mTnCm transformants are heterodiploids, containing a wild-type copy of pilA in addition to the mutated copy, suggesting that pilA is an essential gene. The pilB mutant is not a heterodiploid and appears to be healthy in vitro. Electron microscopy studies (48) show that the pilB mutant is hyperpiliated, an observation that is consistent with derepression of pilE expression in the absence of PilB. Furthermore, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of whole-cell extracts from the mTnCm mutants (pilB::mTnCm and pilA::mTnCm/pilA ϩ heterodiploids) and the wild-type parent, MS11A, shows significant differences in the amounts of at least eight proteins between these strains (1, 17a) . The phenotypes of the pilA/pilA ϩ heterodiploids are likely due to a partial negative dominant effect. These results indicate that PilA and PilB likely regulate the expression of numerous genes in the gonococcus.
To begin to understand the role this two-component regulatory system plays in the biology of N. gonorrhoeae, we have partially purified PilA, the DNA-binding component of this system, and examined its binding to upstream sequences of the pilE gene. Here we describe the development of a DNA-binding assay and its use in studying the PilA binding site. We also describe a competition assay that may be useful in identifying other PilA-regulated N. gonorrhoeae promoters. In addition, since pilA and pilB are present in Neisseria meningitidis, as well as other Neisseria species (47), our studies on regulation by PilA should provide a better understanding of the biology of these closely related bacteria.
(This work was presented in part at the 94th General Meeting of the American Society for Microbiology, Las Vegas, Nev., 23 to 27 May 1994.)
MATERIALS AND METHODS
Growth and construction of bacterial strains. E. coli CA201 is a derivative of GC1 (23) that was constructed by P1 transduction of ⌬lac pro from P90C (25) and was used for all genetic manipulations. For plasmid constructions, bacteria were grown in Luria broth supplemented as necessary with carbenicillin at 100 mg/liter, streptomycin sulfate at 25 mg/liter, and spectinomycin at 25 mg/liter. For protein purification, cells were grown in minimal E medium (49) supplemented with 0.2% glucose, 0.2% Casamino Acids (Difco), 40 g of L-proline per ml, and 40 g of L-methionine per ml, as well as carbenicillin, streptomycin, and spectinomycin. Antibiotics, amino acids, isopropyl-␤-D-thiogalactopyranoside (IPTG), and dithiothreitol were obtained from Sigma (St. Louis, Mo.).
DNA manipulations. E. coli recombinant DNA manipulations were performed as described previously (19) . PCR was done by using a Perkin-Elmer thermocycler 4800 (Perkin-Elmer Cetus, Norwalk, Conn.) and native Pfu DNA polymerase (Stratagene, La Jolla, Calif.) per the manufacturers' instructions. DNA sequences were determined by the dideoxy-chain termination method of Sanger et al. (34) in the presence of [␣- (39) containing the pilE promoter and associated upstream regions and were templates for PCR to produce the fragments shown schematically in Fig. 3 . pNGP3-1 contains a 301-bp HpaI-MstII insert corresponding to the BH1 fragment of pNG1100 (22) . pNGP2-5 and pNGP1-4 are 5Ј deletion derivatives that correspond to the BH2 and BH4 deletions also described by Meyer et al. (22) . Further deletion derivatives were prepared by PCR amplification of pNGP2-5 with the oligonucleotides listed in Table 1 . pCLG7 is also a derivative of pRS415 with a 310-bp insert containing the E. coli aroH promoter (9) . This insert was PCR amplified and used as a negative control for DNA binding.
Overproduction and purification of PilA. E. coli CA201 with pMS421 and pTPA5 was grown to mid-log phase in supplemented minimal E medium at 30ЊC with vigorous aeration. PilA expression was induced by adding 500 M IPTG, and growth continued at 30ЊC for an additional 2 h. Cells were chilled on ice, harvested by centrifugation at 5,000 ϫ g for 20 min, and rinsed once with 50 ml of buffer A (50 mM Tris [pH 7.5], 0.25 mM EDTA, 1 mM dithiothreitol) containing 0.1 M KCl. Cells from a 1-liter culture were resuspended in 10 ml of buffer A with 0.1 M KCl, 0.5 g of leupeptin (Boehringer Manheim Biochemicals) per ml, and 0.1 mM phenylmethylsulfonyl fluoride (Sigma) and broken by sonication for 5 min on ice in 1-min bursts. Cell debris was removed by centrifugation at 20,000 ϫ g for 30 min. The cell extract was diluted fourfold with buffer A to a final concentration of 25 mM KCl and applied to a 20-ml column of Q-Sepharose FastFlow (Pharmacia, Piscataway, N.J.) equilibrated with 25 mM KCl in buffer A. The column was washed with 100 ml of the same buffer and subsequently eluted with a 300-ml gradient of 25 to 500 mM KCl in buffer A. PilA-containing fractions, eluting at approximately 150 to 300 mM KCl, were identified by immunoblotting (see below), pooled, and dialyzed against 25 mM KCl in buffer A. The protein was next loaded onto a 20-ml column of Affi-Gel Blue (100/200 mesh; Bio-Rad) equilibrated in the same buffer. This column was washed with 80-ml volumes of buffer A containing 25, 300, and 500 mM KCl sequentially, and 5-ml fractions were collected. Fractions were assayed for PilA by immunoblotting, and PilA was found in fractions 7 through 10 of the 500 mM KCl wash. The PilA fractions were pooled, dialyzed, and concentrated to 1 mg/ml. Storage buffer consisted of buffer A with 100 mM KCl and 10% glycerol. Protein concentrations were determined with a bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, Ill.).
Production of antibodies to PilA. CA201 cells harboring the pilA expression plasmid pTPA5 (see Results) and pMS421 were grown under conditions in which PilA was primarily in an insoluble form and presumably in inclusion bodies. Cells were broken by sonication as described above, and the insoluble material was recovered by centrifugation. This material was suspended in Laemmli sample buffer (16) , boiled, and separated on a preparative SDS-polyacrylamide gel. Proteins were stained with CuCl 2 and the PilA band was excised (10) . The gel slice (containing approximately 100 g of protein) was crushed and mixed with incomplete Freund's adjuvant and used to immunize two female New Zealand White rabbits. Two booster doses containing similar amounts of protein in complete Freund's adjuvant were administered at 2-week intervals. The recovered blood was allowed to coagulate, and erythrocytes were removed by centrifugation. Aliquots of serum were stored at Ϫ20ЊC. For immunoblot analysis, an aliquot of serum was adsorbed with CA201(pMS421, pTacTerm) cells grown and induced with IPTG that were either heat killed or precipitated as an acetone powder (10) . This serum sample was routinely used at a 1:5,000 dilution and gave virtually no background for samples not containing PilA (Fig. 1) .
Immunoblot analysis of PilA samples. Protein samples were subjected to SDS-PAGE on 12.5% acrylamide gels as described previously (16) by using a Mini-Protean II apparatus (Bio-Rad). Proteins were transferred to a nitrocellulose membrane by using a Semi-phor blotting apparatus (Hoeffer Scientific, San Francisco, Calif.) in the presence of methanol. Membranes were rinsed with phosphate-buffered saline (130 mM NaCl, 10 mM NaPO 4 [pH 7.2]; PBS) to remove the methanol and probed as follows. Membranes were blocked with nonfat dry milk resuspended in PBS (10%), rinsed twice with PBS, and probed with anti-PilA antiserum at a 1:5,000 dilution in PBS containing nonfat dry milk (2%). After two rinses with PBS, membranes were probed with secondary antibody (goat anti-rabbit immunoglobulin G conjugated to alkaline phosphatase; Pierce) at a 1:2,000 dilution in PBS containing nonfat dry milk (2%) in PBS. Membranes were developed with the substrates NBT (nitroblue tetrazolium chloride) and BCIP (5-bromo-4-chloro-3-indolylphosphate, p-toluidine salt) per the manufacturer's instructions (Pierce). For analysis of column fractions, a modified immunoblot assay was used. One-microliter samples were spotted onto a nitrocellulose membrane and allowed to air dry. Membranes were wetted with PBS and then blocked and probed with anti-PilA antisera as described above. Gel retardation assay. Binding reactions for the gel retardation assay contained 50 mM Tris (pH 7.5), 10 mM potassium glutamate (pH 7.2), 0.25 mM EDTA, 1 mM dithiothreitol, 10% glycerol, 0.25% bromophenol blue, 0.25% xylene cyanol, and 5 g of sonicated salmon sperm DNA per ml in a final volume of 15 l.
32 P-labelled DNAs were present at either 0.1 ng (competition assays) or 1 to 2 ng (all other assays). PilA was diluted as necessary in 50 mM Tris, pH 7.5. Protein concentrations are expressed as micrograms of total protein as determined by the BCA protein assay (Pierce). Binding reaction mixtures were allowed to equilibrate for 30 min at room temperature and immediately loaded onto gels (5% polyacrylamide, 29:1 acrylamide-bisacrylamide) and electrophoresed by using the Mini-Protean II apparatus (Bio-Rad) in Tris-borate-EDTA buffer (TBE; 19). The gels were preelectrophoresed at 100 V until the current remained constant. Samples were loaded onto gels with current applied and electrophoresed at room temperature for 30 to 45 min (depending on the size of the DNA fragment). Gels were dried and exposed to XAR5 film (Eastman Kodak Company, Rochester, N.Y.) with various exposure times, depending on the specific activity of the probe.
RESULTS
Overproduction of PilA in E. coli. A PilA-overproducing plasmid, pTPA5, was constructed as follows. The N. gonorrhoeae pilA gene was PCR amplified from the plasmid pNG1711 (22) with oligonucleotides that also included sites for restriction endonucleases BamHI (5Ј) and SalI (3Ј) ( Table 1 ). The PCR product was digested with BamHI and SalI, and the 1.4-kb fragment was purified by agarose gel electrophoresis and ligated into the plasmid pTacTerm that had been digested with BamHI and SalI. pTacTerm is an inducible expression vector containing the IPTG-inducible tac (trp-lac hybrid) promoter upstream of the BamHI site, and the strong transcriptional terminator, rpoCt, immediately downstream of the SalI site (29) . These features allow specific induction of the inserted gene without the interference of other genes present on the plasmid. The ligation mixture was transformed into E. coli CA201(pMS421). Plasmid pMS421 (obtained from M. Susskind, University of Southern California) contains lacI q and was used to repress transcription from P tac under noninducing conditions. Transformants were screened for the presence of the pilA gene by restriction analysis, and the DNA from one positive clone, pTPA5, was sequenced to detect the presence of any PCR-generated mutations. None were found in pTPA5.
CA201 cells containing pMS421 and either pTPA5 or pTacTerm were grown under a variety of conditions to determine the optimal conditions for PilA overproduction. The majority of PilA produced in bacteria grown in rich medium (Luria broth) at 37ЊC was found to be insoluble following sonication. Since native PilA is believed to be a cytoplasmic protein, the insoluble PilA was presumed to be in inclusion bodies. Further studies indicated that growth at 30ЊC in minimal E medium containing glucose and Casamino Acids, followed by induction for 2 h with 500 M IPTG, gave the highest yield of soluble PilA. Induction for longer times resulted in larger quantities of insoluble PilA, which slowed growth and eventually killed the cells (data not shown).
Purification of PilA. Cells from a 1-liter induced culture (approximately 0.5 g [wet weight]) were broken by sonication, and soluble extracts were fractionated as described in Materials and Methods. Table 2 summarizes a typical purification of PilA. A total of 75 mg of soluble protein was fractionated by anion-exchange chromatography. This procedure gave a threefold purification with a nearly 100% yield of PilA from the crude extract, as estimated by SDS-PAGE (Fig. 2) and Western blot (immunoblot) analyses (data not shown). Subsequent Affi-Gel Blue fractionation gave ϳ10-fold purification, with an approximately 90% yield of PilA. The PilA pool after this step was judged to be at least 90% pure, as determined by Coomassie blue staining and SDS-PAGE (Fig. 2) .
Development of a gel retardation assay. In order to examine the binding of PilA to its target site, a gel retardation assay was established. This assay uses nondenaturing gel electrophoresis to detect mobility shifts of protein-bound DNA fragments and is a powerful technique for studying DNA-protein interactions (2, 5) . Three P pilE DNA fragments were used for this assay (Fig. 3) : BH1 contains the pilE promoter and upstream regulatory sequences; BH2 and BH4 are deletion derivatives of BH1 and have 58 and 175 bp, respectively, deleted from the 5Ј end of BH1. BH1, BH2, and BH4 were prepared by PCR amplification of pNGP3-1, pNGP2-5, and pNGP1-4, respectively (see Materials and Methods). A 310-bp insert containing the E. coli aroH promoter in the same vector was amplified from pCLG7 (9) and used as a negative control. PCR products were end labelled with 32 P and quantitated by A 260 and by scintillation counting prior to the binding reactions.
Various concentrations of PilA were incubated with the 32 Plabelled DNA fragments, the mixtures were separated in an acrylamide gel, and the gel was autoradiographed. In these experiments, 0.5 g of PilA retarded the mobility of the 301-bp P pilE (BH1) fragment as well as the BH2 fragment but not the BH4 or P aroH fragment (Fig. 4) . Only at much higher protein levels (Ͼ2.0 g) was PilA binding of BH4 and P aroH observed, and these interactions are most likely nonspecific, since the migration of these complexes is slower than that observed for the BH1 and BH2 fragments (data not shown). No binding activity was detected in 1.0 g of a control extract (Fig. 4 , lanes 5) from CA201 cells containing pMS421 and pTacTerm obtained in a purification in parallel with PilA. As expected, proteins from this extract did not react with the PilA antisera in a Western blot (Fig. 1) . The results of these experiments Gel retardation analysis of 5Ј deletion derivatives P pilE . BH1, BH2, and BH4 are DNA fragments depicted in Fig. 3 . aroH is a 350-bp PCR product containing the E. coli aroH promoter and serves as a negative control. Gel shift assays were performed as described in Materials and Methods. Lanes 1, no protein; lanes 2, 0.1 g of PilA; lanes 3, 0.2 g of PilA; lanes 4, 0.5 g of PilA; lanes 5, 1.0 g of pTacTerm extract after Q-Sepharose and Affi-Gel Blue fractionation as described for PilA (see Materials and Methods). strongly suggest that PilA binds in a sequence-specific manner to P pilE and that a sequence important for PilA binding lies between Ϫ66 and Ϫ183 in this fragment.
Competition for PilA binding with excess homologous and heterologous DNA fragments. To further confirm that PilA binds to the pilE promoter specifically, excess amounts of unlabelled P pilE and P aroH were added to a series of binding reactions in which 0.1 ng of 32 P-labelled P pilE DNA was used as a probe. Figure 5 shows that as little as 100-fold-excess unlabelled P pilE DNA begins to compete with 32 P-labelled P pilE DNA for PilA binding (lane 7), whereas even 1,000-fold-excess unlabelled P aroH DNA does not (lane 6). These data confirm that PilA binds specifically to the upstream region of the pilE gene.
5 and 3 deletion analysis of the BH2 P pilE fragment. To localize the PilA binding site in the pilE upstream regulatory region, deletion derivatives of the BH2 fragment were generated by PCR amplification and examined for their ability to bind PilA in the gel retardation assay. The results of these experiments are summarized in Fig. 6 . Deletion of 11 or 22 bp from the 5Ј end of BH2 did not affect PilA binding, but deletion of 55 bp from this end abolished binding. These results suggest that the region from Ϫ125 to Ϫ161 is important for PilA binding to this fragment. Deletion of 49 bp from the 3Ј end of BH2 did not affect PilA binding, but deletion of 115 bp from this end abolished binding. These results implicate the region spanning Ϫ55 to ϩ11 as also important for PilA binding. Interestingly, a fragment missing 22 bp of the 5Ј end and 49 bp of the 3Ј end of BH2 failed to bind PilA, except for a possible slight effect at 0.9 to 1.2 g of PilA (Fig. 7) . Fragments with smaller deletions at one end (5Ј⌬11-3Ј⌬49) and (5Ј⌬22-3Ј⌬24) or both ends (5Ј⌬11-3Ј⌬24) bound PilA, although binding of the 5Ј⌬11-3Ј⌬49 fragment required slightly more protein than the other two fragments to obtain a similar shift pattern (Fig. 7) . These data suggest that two different regions of the pilE upstream region (Ϫ183 to Ϫ125 and Ϫ55 to ϩ36) are important for PilA binding.
DISCUSSION
Regulation of gene expression is a fundamental necessity for any bacteria that must constantly adapt to new environments. This regulation is especially important for pathogenic bacteria, which not only must compete with the normal flora for available nutrients but also, in the course of an infection, will encounter hostile environments intended to prevent their survival. N. gonorrhoeae, as a strictly human pathogen, utilizes a variety of mechanisms to respond to the host environment which frequently result in phase and antigenic variation of its surface components (32) .
Bacteria often vary the expression of genes in response to their environment at the level of transcription. Transcriptional regulation is a very economical mechanism for control of gene expression, with energy expended only to synthesize the regulatory protein(s). In the case of global regulation, as is seen in many bacterial regulatory systems (8), a central control gene regulates the transcription of a group of genes in response to one or more discreet signals. Examples include such diverse systems as the Bordetella bvg regulon (35), catabolite repression in E. coli (8) , and anaerobic regulation by FNR in E. coli (40) .
Bacterial two-component regulatory systems are exquisitely designed to respond to changing environmental conditions. The sensor component, usually membrane associated, senses a signal from the outside of the cell and transmits this signal to the response-regulator component, usually via phosphorylation, which then results either in repression or activation of one or more genes. A. tumefaciens, S. typhimurium, and B. pertussis are a few pathogens that utilize two-component regulatory systems to regulate virulence-associated genes (3, 35, 41, 42) . PilA and PilB compose a two-component system that was iden- Competition assay for PilA binding to P pilE with excess unlabelled DNAs. Gel shift assays were performed as described in Materials and Methods, with 0.1 ng of 32 P-labelled P pilE as the probe and 10 ng of nonspecific carrier DNA. Lane 1, no protein; lanes 2 and 4 to 9, 0.4 g of PilA; lane 3, 0.8 g of PilA. Lanes 4, 5, and 6 contain 10, 50, and 100 ng of P aroH (competitor DNA), respectively; lanes 7, 8, and 9 contain 10, 50, and 100 ng of P pilE (competitor DNA), respectively.
FIG. 6. 5Ј
and 3Ј deletion analysis of pilE promoter fragment BH2. Deletion derivatives of the BH2 fragment were made by PCR amplification with the oligonucleotide primers listed in Table 1 . The numbers above the line correspond to the positions of the sequence relative to the pilE transcriptional start. The numbers on either side of each fragment denote the number of base pairs deleted from the 5Ј and 3Ј ends. Symbols: ϩ, retardation of the fragment in the gel shift assay with 0.4 g or less of PilA; Ϫ, lack of retardation of the fragment in the gel shift assay with at least 0.4 g of PilA; ϩ/Ϫ, (5Ј⌬11-3Ј⌬49) indicates a gel shift only at higher concentrations of PilA (see Fig. 7 ).
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on September 7, 2017 by guest http://jb.asm.org/ tified in N. gonorrhoeae by its ability to act in trans on the pilE promoter (48) . PilB is the membrane-associated sensor component, while PilA is the response regulator component. Interestingly, unlike many other two-component systems, PilA regulates pilE expression both in the presence and absence of its sensor. PilA represses pilE expression in the presence of PilB and activates pilE expression in its absence. PilB is therefore analogous to the Hyp protein that regulates type 1 pilin expression in E. coli (28) . PilA, but not PilB, is essential for the viability of N. gonorrhoeae, since pilA null mutations are lethal (48) . This result suggests that PilA controls expression of genes other than pilE in the gonococcus. While it is likely that one or more of these genes is involved in housekeeping, it is also possible that the PilA regulon includes other virulence genes in addition to pilE. This is a very intriguing possibility and one which we are actively pursuing.
In this work, we describe the purification of PilA and examine its interactions with the pilE promoter in vitro. To overproduce the protein, the pilA gene was placed under control of the tac promoter in E. coli (29) and expression was induced with IPTG. Our early experiments showed that when large amounts of PilA was made, bacterial growth slowed considerably, and PilA was predominantly in an insoluble form. The effect on bacterial growth was not surprising, because an excess of any DNA-binding protein could conceivably bind to host DNA in a nonspecific manner and affect gene expression. Alternatively, it is likely that the insoluble protein formed inclusion bodies, which could affect normal protein processing in the cell and cause a reduction in cell growth. Reducing the level and time of IPTG induction as well as the growth temperature (to 30ЊC) yielded the greatest amount of soluble PilA. The protein was then purified by anion-exchange and dyeaffinity chromatography and was estimated to be approximately 90% pure after these two steps (Fig. 2) .
Two lines of evidence indicate that purified PilA binds to the pilE promoter in a sequence-specific manner. First, in gel retardation assays, PilA bound a fragment of DNA encompassing sequences from Ϫ183 to ϩ60 of pilE with respect to the start of transcription (BH2 [Fig. 3]) . Deletion of 117 bp from the 5Ј end of this fragment abolished PilA binding (BH4). Furthermore, PilA does not bind to a fragment containing the E. coli aroH promoter. Second, PilA binding of a labelled pilE promoter fragment can be inhibited by as little as a 100-fold excess of unlabelled pilE promoter DNA but not by a 1,000-fold excess of the other promoter fragment tested (P aroH [Fig. 5] ). The competition results strongly support the gel shift data in that PilA binds specifically to the pilE promoter, although neither assay addresses the mechanism by which this interaction occurs.
Analysis of derivatives with stepwise deletions from each end of the BH2 fragment indicates that the PilA-DNA interaction is not a simple one. Rather, it appears that two regions of the DNA (Ϫ183 to Ϫ125 and Ϫ55 to ϩ36) are necessary for PilA binding (Fig. 6) . Deletion of part of either one of these two regions alone does not alter PilA binding, although deletion of all of either region or parts of both regions abolishes PilA binding. These results suggest that PilA binding of DNA may involve (i) looping of the DNA, with possible proteinprotein interaction; (ii) intrinsic bending of the DNA such that a shape rather than a specific sequence is recognized by the protein; or (iii) a requirement for an additional protein. The third hypothesis is unlikely, because our protein, which exhibits this specific DNA-binding activity, is in a highly purified form.
The first and second hypotheses are not necessarily mutually exclusive. DNA bending and looping, whether intrinsic or protein induced, have been shown to affect transcription from a number of promoters, including the E. coli argT, galp 1 , lac, and rrnBp 1 promoters as well as promoters regulated by the cI repressor of the bacteriophage (20, 31) . Three members of the LysR family of transcriptional activators, OccR, NodD, and CysB, have recently been shown to induce bending of their cognate promoters and affect transcription (4, 12, 50) . Moreover, the AraC protein loops DNA in the absence of the inducer L-arabinose to affect repression, while in the presence of inducer, loops are not formed and transcriptional activation of the araBAD operon occurs (18) . It is worth noting here that PilA, like AraC, can act as a transcriptional repressor as well as an activator. In the presence of PilB, PilA represses pilE expression, whereas in its absence, pilE expression is activated (48) .
Thus far, our data are consistent with a model in which PilA induces a bend or a loop in the DNA but not sufficient to distinguish between the two. The gel shift assay detects a retardation in the mobility of a DNA fragment through a polyacrylamide gel matrix, which could be caused by bending or looping of the DNA as well as binding of the DNA by a protein (51). Koo et al. (15) have shown that stretches of adenine or thymine residues result in bent DNA. Indeed, the DNA sequences from Ϫ100 to ϩ1 of the pilE promoter with respect to the start of transcription is 73% AT-rich, with a number of tracts of three or more adenine residues (22) .
Hochschild and Ptashne (11) observed that cooperative binding of repressor to the two operators O R and O L involves looping of the DNA. When O R and O L are separated by 5 or 6 integral turns of the DNA helix, approximately sixfold-less repressor protein is required to bind DNA than when the two operators were separated by 4.6 or 6.4 turns, or when only one of the two sites was present. That two regions of the pilE upstream region are required for PilA binding is consistent with loop formation. Our data are consistent with a model in which PilA binding involves two sets of sites in the pilE regulatory region, designated I and II in Fig. 6 . Each set is present at each end of the BH2 fragment, and at least one complete set is required for PilA to retard the mobility of P pilE DNA through a polyacrylamide gel. For example, PilA can bind fragment 5Ј⌬22 which is missing only the 5Ј II site. In contrast, PilA cannot bind fragment 5Ј⌬22-3Ј⌬49 which lacks the 3Ј I site as well as the 5Ј II site. Our deletion analysis of P pilE places the 5Ј II site between Ϫ183 and Ϫ161 and the 3Ј I site between ϩ11 and ϩ36. The 5Ј I site is likely between Ϫ160 and Ϫ125 as fragment 5Ј⌬55, which is missing the 5Ј I and II sites, cannot bind PilA. Likewise, the 3Ј site II must lie between Ϫ55 and ϩ10, as fragment 3Ј ⌬115 which is missing the 3Ј I and II sites, also does not bind DNA. It is unclear from these experiments whether the sequences flanked by the two sites are important for binding. If a looping mechanism is involved in PilA binding, it is likely that the spacing of this region is critical. Deletions of partial or complete integral turns of B-DNA should help answer this question. A cursory examination of the sequences within the I sites revealed a 24-bp stretch of DNA with 15 bp of sequence identity (22) . No obvious homology was found in the II sites. While all of these observations support loop formation as a mechanism for PilA action at the pilE promoter, further experimentation will be necessary to determine the exact protein-DNA interaction. These experiments are in progress.
The most straightforward method of deducing the binding site for a DNA-binding protein is by a footprint analysis. We have thus far been unsuccessful in obtaining a footprint of the PilA-DNA interaction using DNase I (6), methylation protection (37) , and copper-phenanthroline methods (38) . It is possible that the interaction of PilA with its DNA target, although sufficient for gel retardation analysis, is not tight enough for these methods to yield a footprint under the conditions used. Indeed, studies with other bacterial response regulators have required 10-to 100-fold more protein for similar DNA-binding analyses than we have used for PilA (27, 33) . Experiments with variations in binding conditions as well as attempts at physical cross-linking are currently in progress and may yield further information on the PilA-DNA interaction. An alternative method to identify the PilA recognition site would be to identify other PilA-regulated promoters and compare their regulatory regions to derive a consensus sequence. Our competition assay should allow us to screen large numbers of N. gonorrhoeae promoter fragments for competition with pilE promoter DNA for PilA binding using relatively small amounts of DNA and protein. Recently, we have used our gel shift assay to screen DNA fragments from clones of N. gonorrhoeae MS11A in our collection and have identified a second promoter fragment that is also bound by PilA. This fragment also competes with pilE, but not aroH promoter DNA for PilA binding, suggesting that PilA interacts with both fragments in a similar manner. Preliminary studies show that two regions of this fragment are also required for PilA binding. Studies of this fragment and the gene it controls are currently under investigation (1) .
Binding studies of promoters of additional PilA-regulated genes will yield more detailed information about PilA-DNA interactions, and characterization of additional PilA-regulated genes should give us a better understanding of the role of global regulation in the pathogenic Neisseriae.
